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1. Introduction 
The effect of intrinsic membrane protein on the 
mobility of lipid bilayers has been the subject of 
many nuclear magnetic resonance (NMR) and electron 
spin resonance (ESR) investigations [l-6]. Early 
ESR experiments employing nitroxide probes were 
interpreted to show that some of the lipid within the 
membrane isimmobilized by the presence of the pro- 
tein [3]. This result has been subsequently confirmed 
in a number of reconstituted and model ipid-protein 
systems [3-61. Recent deuterium NMR studies of a 
series of lipid-protein dispersions have shown, how- 
ever, that the quadrupolar splittings, derived from 
lipids with deuterated methylene groups, are freq 
uently reduced compared to those obtained from the 
same labels in pure lipid bilayers [ 2,7]. These obser- 
vations have been interpreted as indicating an increase 
in the amplitude of the low frequency (-10’ Hz) 
motion undergone by the lipid acyl chains in the 
presence of the protein [2]. It is argued that the freq- 
uency of this additional lipid motion is insufficiently 
rapid to cause a reduction in the hyperfme field 
splittings een in the ESR spectrum. 
Here we use proton-enhanced NMR [8] of the 
natural abundance 13C nuclei to study the lipid 
mobility in dispersions containing cholesterol, the 
polypeptide gramicidin A, and in membrane prepara- 
tions derived from spinach chloroplasts and bovine 
brain myelin. 
2. Materials and methods 
Dimyristoyl phosphatidylcholine (DMPC) was 
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purchased from Calbiochem, La Jolla, CA and dis- 
persed 50% (w/w) with HzO. The purity of the DMPC 
was checked as in [9]. Cholesterol was purchased 
from Calbiochem and gramicidin A from Koch Light,. 
Colnbrook. Dispersions of the cholesterol or grami- 
cidin A with DMPC were prepared by rehydrating 
freeze-dried powders as in [lo]. The mixed powders 
were hydrated to 50% of total solids to H,O. 
Myelin was prepared from bovine brain white 
matter by the method in [ 1 l] as modified [ 121. 
Chloroplasts were prepared from spinach-beet 
leaves as in [ 131. An additional final wash of the 
chloroplast fragments in 0.001 M tricine buffer (pH 
7.6) containing 10 mM MgS04 was given to ensure 
that the thylakoid membranes remained stacked. 
The proton enhanced 13C spectra were obtained 
using a commercial Bruker CXP-100 spectrometer 
operating at 90 MHz for H+ and 22.63 MHz for 13C. 
The Hartmann-Hahn conditions were satisfied using a 
7900 pulse duration of 9.5 ps. The detailed spectral 
conditions are shown in the figure captions. 
3. Theory 
The primary advantage of the protonenhanced 
NMR technique is that it provides an increased sen- 
sitivity for the detection of the resonance spectra of 
rare spins with a low magnetic moment. By coupling 
to the polarization produced in an adjacent, abundant 
spin population possessing a relatively large magnetic 
moment, the polarization and therefore the sensitivity 
of the rare spins may be increased. Here, where the 
rare spins are the natural abundance 13C nuclei and 
the abundant spins are the sample H’, the theoretical 
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Fig.1. Protonenhanced natural abundance “C NMR spectra of DMPC dispersed 50% (w/w) in H,O. The spectra were obtained 
under the following conditions: 20 kHz sweep width; 20 ms acquisition time; 1 s sequence repetition time; 20 Hz line broadening; 
10 000 scans/spectrum. 
enhancement of the 13C sensitivity is given by [8] as: 
y protons/y carbon * 4 
The time required to achieve aparticular signal 
quality is further improved over conventional NMR 
since the sequence repetition time is now limited by 
the proton spin lattice relaxation rate which can be 
an order of magnitude faster than that of the carbons. 
The intensity of a proton-enhanced spectrum is 
therefore dependent on both the time required to 
exchange the spin polarization from the proton to 
the carbon nuclei, and on the rate at which the spin 
polarization of the proton population is lost due to 
spin lattice relaxation effects. Thus by varying the 
contact ime prior to observing the spectrum, the 
proton-carbon cross polarization time, Tc_H, and 
the rotating frame proton spin lattice relaxation, 
TIP, may be determined for the protons coupled to 
each resolved carbon resonance. In the case of both 
the cross polarization and the spin lattice relaxation 
processes being exponential the overall signal size is 
given by: 
exp(--LlTrJ ]l_(exP(-&YTc-r-r)] (1) 
where rm is the contact ime. 
TIP 
-’ may be shown to be approximately propor- 
tional to the spectral density function near the 
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Fig.2. Protonenhanced natural abundance “C NMR spectra of cholesterol-DMPC 30% (w/w) dispersed in H,O. The H,O : total 
solids ratio was 50% (w/w). The same spectral conditions apply as in fii.1. Both the spectra seen here and those in fig.1 are in 
good agreement with protonenhanced spectra of phospholipid and phospholipid cholesterol dispersions obtained [ 13,141. 
rotating frame precession rate, wr = yH, and provides 
a direct measure of the low frequency motion under- 
gone by the resonant group. T~_H-‘, however, is 
related to the carbon-proton dipolar line width con- 
tribution to an undecoupled conventional “C NMR 
spectrum. In general the greater the reorientation 
freedom permitted aparticular esonant group the 
smaller will be the residual dipolar interaction and 
the longer Tc_H. 
4. Results and discussion 
Figures l-5 show proton-enhanced natural abun- 
dance r3C spectra obtained from a variety of model 
and biological membrane systems. The data were 
tested against expressions of the form in eq. (1). In 
general it was not possible to fit the cross polariza- 
tion region of the data at short r& to a single exponen- 
tial increase. At longer times in the region dominated 
by the spin lattice relaxation processes the signal 
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decay was found to obey the exp(-t,/TrJ part of 
expression (1). Table 1 summarizes the T1, and 
Tc_H values obtained in the 5 cases tudied here. In 
order to obtain a single measure of the nonexponen- 
tial cross polarization behaviour, the value quoted in 
table 1 is the time required to allov: the signal inten- 
sity to reach 2/3rds of its maximum value. This time 
is denoted Tc_H*. 
The clear result of this investigation isthat the 
addition of cholesterol or gramicidin A to a DMPC 
dispersion dramatically shortens the Tc_H* and T,,, 
relaxation times of the DMPC methylene peak. Com- 
parison with the two natural membrane systems 
studied here indicates that they behave in a manner 
very similar to the cholesterol or gramicidin A dis- 
persions. An immediate conclusion from this result is 
that in all the mixed systems the motion of the hydro- 
carbon chains is very restricted relative to that of the 
pure DMPC dispersion. The shortened values of 
Tc_H* indicate that the amplitude of the motion 
undergone by the methylene groups is reduced 
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Table 1 
The rotating frame spin-lattice relaxation time, TI p, and 
effective cross polarization time TC_H* (see text) of the 
major methylene peak for hydrated dispersions of pure 
DMPC and DMPC with 30% (w/w) cholesterol or 50% (w/w) 
gramicidin A 
Sample TC_H* (ms) T,, (ms) 
300 200 100 0 ppmwrt TMS IIIII, 
Fig.3. Protonenhanced natural abundance ‘“C NMR spectra 
of gramicidin A-DMPC 50% (w/w) dispersed in H,O. The 
same spectral conditions apply as in tig.1. 
resulting in a larger esidual carbon-proton dipole 
interaction. In addition since TIP is also shorter in 
the mixed systems, the relative intensity of the low 
frequency motion undergone by the acyl chains has 
increased. This supports the observations in [2] and 
shows that on the NlvlR timescale mployed here 
(-IO-’ s) the effect of lipid-protein or lipid- 
cholesterol interactions i  the production of an 
increase in the low frequency dynamic disorder. 
Examination of the order resonant peaks shows that 
apart from minor relative changes in the TC_H and 
TIP of the headgroup and terminal methyl peaks, the 
reduction is a general property of the mixed systems. 
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Fig.4. Protonenhanced natural abundance “C NMR spectra 
of bovine brain myelin. The spectral conditions of fig.1 apply 
apart from an increased line broadening factor of 50 Hz. 
DMPC in H,O 4 f 0.5 150+5 
Cholesterol-DMPC 0.5 f 0.2 17 *2 
30% (w/w) in Hz0 
Gramicidin A-DMPC 0.25 f 0.1 5+2 
50% (w/w) in H,O 
Myelin 0.25 * 0.1 11*2 
Chloroplasts 0.25 t 0.1 6*2 
A comparison is made with the same parameters measured 
for myelin and chloroplast membranes. The spectra from 
which these data were obtained are shown in fig.1 -5. The 
assignment of the methylene peak was made using spectra 
acquired at the optimum mixing time for much longer data 
acquisition periods than used to obtain the spectra in 
fig.1 -5 
This suggests hat the disorder is an overall wobble of 
the molecular long axis rather than localized segmen- 
tal motion. Further evidence of the restriction to the 
amplitude of all types of motion can be seen in the 
broadened methylene peak envelopes. 
These data show that lipid-cholesterol and lipid- 
polypeptide interactions restrict he amplitude of the 
motion undergone by the lipid molecules in mixed 
bilayer dispersions, and increase the relative intensity 
of their low frequency disorder. Similar effects are 
seen in natural membrane dispersions. 
MIXING TIME 
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Fig.5. Proton-enhanced natural abundance 13C NMR spectra 
of chloroplast membranes. The same spectral conditions 
apply as in fg4. 
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